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More than the sum of its parts: Coarse-grained peptide-lipid interactions

from a simple cross-parametrization

Tristan Bereau,? Zun-Jing Wang,” and Markus Deserno®
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(Received 8 November 2013; accepted 4 February 2014; published online 17 March 2014)

Interfacial systems are at the core of fascinating phenomena in many disciplines, such as biochem-
istry, soft-matter physics, and food science. However, the parametrization of accurate, reliable, and
consistent coarse-grained (CG) models for systems at interfaces remains a challenging endeavor. In
the present work, we explore to what extent two independently developed solvent-free CG models
of peptides and lipids—of different mapping schemes, parametrization methods, target functions,
and validation criteria—can be combined by only tuning the cross-interactions. Our results show
that the cross-parametrization can reproduce a number of structural properties of membrane peptides
(for example, tilt and hydrophobic mismatch), in agreement with existing peptide-lipid CG force
fields. We find encouraging results for two challenging biophysical problems: (i) membrane pore
formation mediated by the cooperative action of several antimicrobial peptides, and (ii) the insertion
and folding of the helix-forming peptide WALP23 in the membrane. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4867465]

Il. INTRODUCTION

A number of fascinating phenomena occur at the in-
terface between two or more phases.'” The local inhomo-
geneities that establish the structure of the interface, which
underly the emergent characteristics of that interface rele-
vant at much larger dimensions, require the consideration
and/or bridging of a broad range of scales: the accurate de-
scription of each individual phase sets a lower bound on the
overall system size, while the equilibration between phases
takes time. Though all-atom molecular dynamics simulations
have recently shown capable to reach system sizes in the 10°
atom range*’ and remarkably long time scales for smaller
systems,® the combination of both large length- and time-
scales remains a problematic issue in view of adequate sam-
pling. In this regard, coarse-grained (CG) models, which av-
erage over certain degrees of freedom to provide a simplified
representation of the system, are enjoying ever-growing atten-
tion in (bio)molecular fields.” '

Irrespective of the resolution, many force-field
parametrization methodologies aim at reproducing tar-
get properties of an underlying microscopic model. These
might be thermodynamic data from bulk systems (such as
pure-liquid density and heat of vaporization for atomistic
models'?), or local interaction statistics (such as structure
factors or pair forces'*). While they can help reproduce a
number of thermodynamic properties, the model’s trans-
ferability across both thermodynamic parameters (e.g.,
temperature, pressure) and environments (e.g., bulk vs.
interface) often remains of concern. In this regard, the
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development of CG models suitable for interfacial systems is
a challenging effort. Recently, Jochum et al.'> tackled the CG
parametrization of inhomogeneous systems: they generalized
structure-based coarse-graining methods for slabs of liquids,
which both improved thermodynamic properties at the
interface and preserved the structure in the bulk.

Among interfacial systems, peptide-lipid interactions
have generated increasing interest in the biochemistry and
biophysics communities. Several lipid-protein CG models of
various degrees of resolution have been developed and stud-
ied in the past.'®?> Though different in resolution, accuracy,
and transferability, they reproduce—possibly by construction
of the model—a number of key features that make protein—
lipid interactions remarkable, such as hydrophobic mismatch,
protein insertion, and protein-driven pore formation. For
most of these force fields, peptide and lipid molecules were
parametrized consistently by deriving them either simultane-
ously or against one another (for example, by using the same
overall CG scheme, as is done in the MARTINI model?'-2).

In the present work, we aim at studying the benefit
one achieves by linking two existing and independently de-
rived models of peptides and lipids. Since the two models—
described below—were designed with different mapping
schemes, parametrization methods, target functions, and val-
idation criteria, what phenomenological aspects of peptide—
lipid interactions can be rescued by merely tuning the cross-
interactions? In this sense, the final model does not aspire
to providing complete transferability (e.g., across protein
sequences, lipid composition), but rather qualitative as-
pects of peptide-lipid interactions from a simple cross-
parametrization. Given how technically involved a fully self-
consistent parametrization of a multi-component system is,
a question of considerable practical relevance is: How much
can one gain from the easier (even though still work-intensive)
approach of post-parametrizing cross-terms? The question is

© 2014 AIP Publishing LLC
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certainly not trivial: Mullinax and Noid?’ have shown that
self-consistent parametrizations of methanol (M) and neopen-
tane (N) yield different M-—M and N-N interaction poten-
tials across different mixing ratios. In other words, com-
pared to a simple cross-parametrization, an optimal force field
will likely have different CG interactions between the sub-
components among themselves. Other examples have shown
more promising: a recent study from DeMille et al.?® pre-
sented a cross-parametrization of an implicit CG DNA model
and a water/ions model. This issue has proven much more
pronounced for CG than atomistic models—the main reason
being that CG potentials in fact contain information about the
environment and degrees of freedom that are coarse-grained
out, and as such are effective pair potentials.

In this study, we will approach this question with a spe-
cific example from the field of protein—lipid biophysics: We
will parametrize the protein—lipid cross-interactions between
two existing solvent-free CG models of roughly compara-
ble resolution by reproducing the energetics of the inser-
tion of single amino acids into a 1, 2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) bilayer, as described in Sec. III. Sub-
sequently, this cross-parametrization will be tested on simple
structural properties of transmembrane proteins, such as tilt
angle, helix—helix distance, and their crossing angle. We then
apply the model to two challenging situations: First, we fol-
low the creation of a trans-bilayer pore by eight antimicrobial
peptides (magainin) initially outside the membrane; second,
we follow the insertion and folding of a transmembrane heli-
cal peptide (WALP).

Il. INDIVIDUAL MODELS

Let us briefly describe the separate peptide- and lipid-
models we base this study on. The implicit-solvent CG protein
model used here®® accounts for amino-acid specificity and is
capable of representing secondary structure without explicitly
biasing the force field toward any particular conformation (na-
tive or not). It represents an amino acid by four beads, three
of which are devoted to the backbone and the last one repre-
senting the side chain (Fig. 1(a)). The model was built using
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FIG. 1. (a) CG amino acid (colors: N dark blue, C, and C’ cyan, Cg orange)
to scale with the lipid (top) and magnified (bottom). (b) CG POPC lipid.%
Reproduced in part with permission from Wang and Deserno, J. Phys. Chem.
B 114(34), 11207-11220 (2010). Copyright 2010 American Chemical Soci-
ety. (c) Side view of a 72-molecule DOPC bilayer as well as two amino acid
side chains (in blue) constrained at the center and outside of the membrane.
Visualizations rendered with VMD.*¢
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a top-down scheme in which phenomenological interactions
are incorporated to reproduce different properties of the sys-
tem (e.g., hydrophobicity or hydrogen bonds). These interac-
tions were parametrized to (i) qualitatively reproduce the Ra-
machandran plot of simple tripeptides and (ii) systematically
fold a de novo three-helix bundle. After parametrization, the
model was shown capable of folding several simple helical
proteins and reproduce an oligopeptide aggregation scenario
using the same force field parameters and without any pri-
mary sequence dependent (custom-made) bias.?> While this
model handles a variety of secondary structure formation as-
pects very accurately, for instance, cooperativity in helix and
helix-bundle folding transitions*®3! and B-barrel formation,*?
it is not detailed enough to achieve folding of complex protein
structures. However, nontrivial tertiary or quaternary folds
can still be treated by adding stabilizing elastic networks,?*3*
but unstructured tails and flexible loops can now be left free
to explore a meaningful phase space.

The implicit-solvent CG lipid model used here pro-
vides a similar resolution as the MARTINI force field
(about three to four heavy atoms per bead). Fig. 1(b) rep-
resents a coarse-grained 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) lipid.*> It is constructed from 16
beads and 8 different bead types: CH Choline; PH Phosphate;
GL Glycerol; E1 and E2 Ester groups; AS Saturated alkyl
group —(CH,—CH,-CH;)—; AD Unsaturated alkyl group
—(CH,=CH;)—; and AE Hydrocarbon endgroup —(CH,—
CH3). It was systematically parametrized to reproduce the ra-
dial distribution functions between the corresponding chem-
ical moieties as measured within an atomistic simulation of
POPC using iterative Boltzmann inversion.?”-3® The implicit
nature of the solvent in the CG system does not automat-
ically provide a hydrophobic effect, which is compensated
by an additional effective cohesion.’® Besides its ability to
self-assemble a random dispersion of lipids into a bilayer, the
model can almost quantitatively reproduce many of the prop-
erties of a POPC bilayer, including the bending and stretch-
ing moduli, mass density profile, and orientational P, or-
der parameters of intramolecular bonds. The construction of
other types of lipids (e.g., DOPC, DPPC—1, 2-dipalmitoyl-
sn-glycero-3-phosphocholine)—starting from the same set of
coarse-grained beads as POPC—has shown transferability in
terms of structure, area per lipid, and the temperature depen-
dence of the main phase transition.*®

35,36

lll. CROSS-PARAMETRIZATION

In this section, we derive potentials for the interactions
between the protein and the lipid force fields. Our cross-
parametrization aims at reproducing the potential of mean
force (PMF) for the insertion of individual amino acid side
chains into a DOPC bilayer. These PMFs provide additional
spatial resolution compared to experimental hydrophobicity
scales.**0 Because of the planar structure of lipid bilayers,
free energies as a function of the z-coordinate (i.e., perpen-
dicular to the bilayer plane), F(z), incorporate much of the
thermodynamic information required to describe the energet-
ics of insertion of molecules in a membrane. Moreover, the
spatial ordering of lipid groups (such as alkyl chains or the
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FIG. 2. Free-energy profiles for the insertion of a single amino acid in a
DOPC bilayer: CG (red, solid) and atomistic (blue, dashed; from MacCallum
et al.*") (a) Ala; (b) Cys; (c) Gln; and (d) Glu~. Shaded regions roughly indi-
cate the interfacial region (i.e., glycerol backbone and phosphate); smaller z
values correspond to hydrophobic tails while larger z values denote the lipid
head region and aqueous environment. PMFs for all other amino acids are
reported in Figs. S1- S3 of the supplementary material.**

phosphate moiety) in a bilayer provides a means to under-
standing the impact of each group onto F(z).

The reference data are based on atomistic simulations
performed by MacCallum et al.:*' amino acid side chains
(starting at the B-carbon) were inserted in a 64-molecule
DOPC bilayer using the OPLS all-atom force field.*>** Their
study provided curves for the free energy of insertion of side
chains for all standard amino acids except Gly, His, and Pro.
While Gly and Pro were not calculated because of the chem-
istry of their side chain (the side chain of Gly holds no heavy
atom; the side chain of Pro is connected to the backbone at
both the central carbon and the amide group), His causes is-
sues due to its multiple protonation states. Ionizable residues
Arg, Lys, Asp, and Glu were calculated for both the charged
and neutral forms. The results are reproduced in Fig. 2
for a selected list of residues, and in Figs. S1- S3 of the sup-
plementary material** for all the others.

The cross-parametrization thus consists of optimizing po-
tentials of interaction between lipids and amino acids to re-
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produce the PMFs derived from MacCallum et al.*! Unfortu-
nately, these free-energy profiles only provide partial informa-
tion on the system. For instance, the PMFs derived from atom-
istic simulations only contain information on the interaction
between lipids and side chains, rather than the entire amino
acid. The atomistic PMFs will be used as target function for
the free energy of insertion of the CG side-chain bead Cg in a
DOPC bilayer. Purely repulsive interactions between lipid and
peptide C,, N, and C’ beads will model the excluded volume
effect between lipids and the protein backbone. See Fig. 1(a)
for details. Common to many force-field parametrization en-
deavors, we point out that the present parametrization process
is an underdetermined problem, such that there is no unique
solution. In particular, a single target function F(z) cannot en-
code the information for multiple interaction potentials be-
tween different lipid moieties and the amino acid, and hence
one must supplement the cross-parametrization with addi-
tional physical constraints. This is in contrast to more con-
ventional instances of structure based coarse-graining, where
each interaction on the CG level has one atomistically derived
pair correlation function to match, and then the Henderson
theorem® guarantees (at least in principle) a unique solution.

A. Simulation and analysis methods

Each simulation consisted of a 72-molecule DOPC bi-
layer as well as fwo amino acids, one inserted in each leaflet
(as in MacCallum et al.*"). This has two advantages: First,
it doubles the statistics on F(z) achievable in each simulation.
Second, and maybe more importantly, inserting an amino acid
in only one of the two leaflets will compress this leaflet and
stretch the opposing one. This creates an elastic stress which
cannot relax even if one ensures that the overall mechanical
tension vanishes. It is easy to see that this would lead to a fi-
nite size correction of the free energy which scales inversely
with bilayer area. See Fig. 1(c) for a snapshot of the simula-
tion setup.

The CG units used throughout, as well as most simulation
parameters and protocols (except when explicitly mentioned),
follow Bereau and Deserno®’ and Wang and Deserno.>> The
difference between the two models’ time units, t, can compli-
cate the interpretation of dynamical processes, but since this
goes beyond the scope of the present article, we will not dis-
cuss the associated issues. Simulations were run at constant
temperature (T" = Tpoqy = 310K) and zero lateral bilayer ten-
sion (X = 0) for a total simulation time r = 200000 7. A time
step 8¢t = 0.1 T was used for amino-acid side-chain insertion
simulations.

The distance between the amino-acid side-chain and the
bilayer midplane was calculated by measuring the difference
between (i) the z-coordinate of the side chain bead and (ii) the
z-coordinate of the center of mass of the bilayer, which we
will identify with the bilayer midplane. A total of 10 000 data
points were recorded at intervals separated by 20 . Umbrella
sampling*’” was used on the z-positions of the two inclusions,
applying a harmonic restraint of spring constant k = 2 £/A?,
where £ = kgTpoay ~ 0.6 kcal/mol is the unit of energy of
the two models. Pairs of two inclusions were systematically
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placed 30 A apart (vertically; corresponding roughly to the
height of a monolayer) to avoid artifacts.*® A total of 32 such
umbrellas, each separated by 1 A, yielded biased distributions
in an interval 0 < z < 32 A, where z = 0 corresponds to the
bilayer midplane. We unbiased the sampled distributions us-
ing the Weighted Histogram Analysis Method (WHAM)*-!
and calculated error bars from bootstrapping.

B. Interaction potentials and parametrization

Potentials of interaction were set between all lipid and
amino acid bead types using only Lennard-Jones (LJ) and
Weeks-Chandler-Andersen (WCA) potentials as functional
forms

ULi(r) = 4e [(912 B G)é} |

4| (D)= (2) + 1] ier <ovs
Uwca(r) = 6[(7) _<7) +4—1:|’1r< 7

0, otherwise.

Upi(r) was consistently cut and shifted to O at a distance
r =15 A. During parametrization, we systematically assigned
a fixed interaction strength ¢ = 1.0 for WCA potentials,
since the function is largely insensitive to changes in this
parameter.

Lipid bead types AS and AD were not distinguished in
terms of their interactions with peptide beads. They were both
denoted as AS in the following. Likewise, E1 and E2 were
both associated to the same bead type ES in terms of non-
bonded interactions with amino acids.

Sets of interaction potentials were iteratively refined until
the resulting PMF matched the target curve. More details on
the parametrization protocol can be found in the supplemen-
tary material. **

C. Optimal parameters and PMFs

1. Side chains

Table S1 in the supplementary material** shows the sets

of interaction potentials and parameters that we arrived at us-
ing the iteration procedure outlined above. For each amino-
acid-lipid-group pair, the table displays (i) the functional
form of the interaction; (ii) the strength of the interaction,
€; and (iii) the excluded volume of the interaction, o. Fig. 2
shows both the CG (red) and atomistic (blue) PMFs for a
subset of amino acids: Ala, Cys, Gln, and Glu~. All PMFs
strongly resemble one of the four profiles shown in Fig. 2.
The accuracy (i.e., the agreement between CG and atomistic)
shown here is representative of what has been achieved for the
entire set of PMFs—displayed in Figs. S1- S3 of the supple-
mentary material**—and comparable with the accuracy with
which MARTINI reproduces the same atomistic PMFs.?!

We measured the deviation between CG and AA PMFs
by computing a root-mean-squared error (RMSE) that was av-
eraged over a large number of points along the PMF (0 < z
< 32). The RMSE of each amino acid, shown in the supple-
mentary material,** ranges between 0.3 and 3 kgT. It is high-
est for charged amino acids where the CG model fails to re-
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produce steep behavior close to the bilayer mid-plane (see be-
low). The RMSE averaged over all amino acids is 1.0 kgT. We
discuss in detail our results in the supplementary material.**
The resulting parameters semi-quantitatively capture the im-
portant energetic features of amino side chains interacting
with a lipid membrane, on par with the MARTINI force field.

2. Backbone

To reproduce the excluded volume effect between lipids
and the protein backbone, purely repulsive interactions
(WCA) were set between all lipid bead types and peptide
backbone particles N, C,, and C’' with parameters € = e,
= 0.02& (see Ref. 29 for details) and 0 = 0 pepiide + Olipids
where o pepride corresponds to the van der Waals radius of pep-
tide backbone particles N, Cy, or C',%% and o'jpiq = 3.0 A rep-
resents an average lipid bead radius. While a more detailed
parametrization would seem possible, the chosen procedure
is sufficient to reproduce the main steric effects.

D. Parametrization of glycine, histidine, and proline

Due to the lack of atomistic data for residues Gly, His,
and Pro, their PMF curves were extrapolated from other
amino acids similar in chemical structure or hydrophobic-
ity. Details of this construction—based on chemical or hy-
drophobic similarities to other amino acids—are provided in
the supplementary material.** The resulting reference curves
are shown in Figs. S1- S3, as well as the corresponding op-
timized CG curves. Coarse-grained parameters used to repro-
duce the target data are shown in Table S1.

E. N- and C-termini of proteins

Let us conclude with a few remarks on the peptide’s N-
and C-termini. While this issue could have been addressed
previously in the presentation of the CG protein model,”
their effects on the conformations sampled is often rather
limited, and so the termini are usually neglected in coarse-
grained peptide models parametrized in an aqueous environ-
ment. However, these termini play an important role for trans-
membrane proteins for which most amino acids are hydropho-
bic, but the termini are either polar or charged. This sce-
nario ensures that the protein is integral to the membrane,
i.e., it spans the bilayer thickness (rather than “dive” into
the membrane if all amino acids were hydrophobic). Com-
mon examples of N- and C-termini include the acetyl and
n-methyl amide groups, respectively (Figs. S5(e) and S5(f)
of the supplementary material**). We devised a simple, phe-
nomenological model of N- and C-termini by modeling them
as Gly residues—providing flexibility in the backbone while
preventing side chain-side chain interactions—with interac-
tions that are repulsive enough to keep a transmembrane pep-
tide integral to the membrane. More details can be found in
the supplementary material.*

IV. STRUCTURAL PROPERTIES

In the following, we perform a set of simulations of in-
serted residues, transmembrane, and antimicrobial proteins
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FIG. 3. (a) CG configuration of Arg™ (blue sphere) in a DOPC bilayer (thin
lines: hydrocarbon tails; licorice: head groups). The insertion of Arg™ cre-
ates a strong, local deformation of the bilayer. (b) Atomistic configuration of
Arg™ in a DOPC bilayer. Reprinted with permission from MacCallum et al.,
Biophys. J. 94, 3393-3404 (2008), Copyright 2008 Biophysical Society.

interacting with bilayer membranes. The results are compared
with available experimental and atomistic simulation data to
assess the cross-parametrization’s performance. The choice of
test systems is to a large extent motivated by the validation
checks used by existing CG models of similar spirit.?!->*

A. Water defects in a solvent-free model

The partitioning of polar and charged residues into the
hydrocarbon region of the bilayer have been associated with
large water defects*'333* (see Fig. 3(b)). MacCallum et al.*!
observed the stabilization of narrow pores that allow water
molecules to interact with a polar/charged residue. Their sim-
ulations suggest that such a water channel persists even when
a charged Arg residue is located in the bilayer midplane.*!

Fig. 3 shows that in our CG cross-parametrization Arg™
also strongly deforms the bilayer locally. The local order-
ing and packing of the lipids is strongly perturbed because
the Arg* residue interacts more favorably with the lipid head
groups than the hydrocarbon tails (see Fig. S1 in the supple-
mentary material**). Overall, we observe a localized thinning
of the bilayer—a remarkable effect considering the absence of
explicit electrostatics. It is difficult to achieve the same type of
water defect in MARTINI—not because of any principal dif-
ficulties of matching the PMF, but because the coarse-grained
MARTINI water (with 4 waters subsumed into a single CG
bead) tends to be too bulky to penetrate into this localized
narrow defect. This was illustrated in a study from Vorobyov
et al.,> where the free-energy of insertion of Arg™ and the co-
ordination number of water molecules was measured at both
atomistic (polarizable and non-polarizable) and CG levels.
Since our model is solvent-free, this particular complication
does not exist.

B. Protein fluctuations in water and in the membrane

A peptide that folds into an «-helix both in water and
in the membrane will likely not have the same flexibility in
the two environments: the free energy of breaking a peptide—
peptide hydrogen bond is higher in the membrane because
there are no available hydrogen-bond donors/acceptors in the
apolar solvent of lipid tails. One thus expects a helix to be

J. Chem. Phys. 140, 115101 (2014)

TABLE I. Amino acid sequences of alamethicin, several WALP peptides,
and magainin-H2. Underlined amino acids are non-natural: A and F refer
to a-aminoisobutyric acid and C-terminal phenylalaninol, respectively>®->7
(Fig. S5 in the supplementary material**). All sequences form transmem-
brane helices.?!-338 The N- and C-terminus of each peptide are capped by
an acetyl and n-methyl amide groups, respectively (except alamethicin, for
which the C-terminus is embedded in the last phenylalaninol).

Name Sequence

Alamethicin APAAA AQAVA GLAPV AAEQF

WALP23 GWWLA LALAL ALALA LALAL WWA
WALP27 GWWLA LALAL ALALA LALAL ALALW WA
Magainin-H2 IIKKF LHSIW KFGKA FVGEI MNI

stiffer in the membrane. This is indeed what was observed
from atomistic simulations for alamethicin (Alm), a channel-
forming, fungal peptide (Tieleman et al.;>® sequence shown
in Table I): root-mean-square fluctuations (RMSF)**-%0 of the
helix in water and in a POPC bilayer (reproduced in Fig. 4;
denoted “water AA” and “membrane AA,” respectively)
clearly make the point. It is not clear, though, whether the
same should hold at the CG level:

¢ On the one hand, the strength of the hydrogen-bond in-
teraction €y, was parametrized to reproduce the struc-
ture of helical proteins in water.?® This suggests the
need for a reparametrization of €y, in a membrane en-
vironment (the value would likely go up to reproduce
the above-mentioned change in free energy®').

® On the other hand, our CG model couples an implicit-
water solvent with an explicit-membrane environment.
The associated change in terms of sterics—and thus
fluctuations—is difficult to predict. The following sim-
ulation attempts to measure such a change.
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FIG. 4. (a) Root-mean-square fluctuations of alamethicin in water and in
a POPC bilayer (denoted “membrane”). “AA” and “CG” correspond to
atomistic and coarse-grained simulations, respectively. Atomistic data repro-
duced from Tieleman et al.>® (b) Water/membrane RMSF ratios for atomistic
(“AA”) and coarse-grained (“CG”).
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We repeat the simulations of Tieleman et al.>® using the
present CG model. Non-natural amino acids were systemati-
cally replaced by natural ones: «-aminoisobutyric acid (Aib)
and C-terminal phenylalaninol (Phol) into Ala and Phe, re-
spectively (see the supplementary material**). Note that all
simulations involving peptides (rather than single residues)
required a time step 8¢ = 0.01 7.%

CG simulations in implicit water (107 t) quickly stabi-
lized an «-helix. The results are shown in Fig. 4(a) (“water
CG”). We note that the corresponding atomistic and CG sim-
ulations in water agree reasonably well, considering that no
temperature calibration was applied. The enhanced fluctua-
tions in water at the ends of the chain (i.e., residues 1-4 and
17-20) likely result from the lack of hydrogen-bond sites at
the very first amide and very last carbonyl groups, due to the
lack of capping residues in the water simulation. Due to the
geometry of a backbone hydrogen bond, it is likely to affect
four contiguous residues. The peak around residues 12—15 il-
lustrates the added flexibility due to both Gly;; and Pro4. The
role of proline in the conformation of the helix is explained in
detail in Tieleman et al.®

CG simulations of Alm in a 72-POPC lipid membrane
were run for a total simulation time t = 500000 7. The ini-
tial conformation was generated by inserting a helical confor-
mation of Alm in an equilibrated lipid bilayer. Alm did not
show any significant change of secondary structure over the
entire simulation (recall that it is not biased to stay in an a-
helical conformation). As in the water case, the RMSF curves
of the atomistic and CG simulations of Alm in the membrane
show good agreement, except for a slight upward shift (see
Fig. 4(a)). We remind the reader that no free parameter was
tuned to reproduce the atomistic curves with our CG model.

Both all-atom and CG simulations show that the RMSF
of the membrane-inserted helix is systematically smaller than
that of the water-solubilized helix. While the RMSF of the CG
simulations in both cases are slightly larger, Fig. 4(b) shows
that the ratio RMSFyatet/RMSF pembrane for both resolutions
is essentially the same. Since the hydrogen bond strength has
not been adjusted in the CG simulations, we suspect the align-
ing propensity of orientationally ordered lipid tails to be re-
sponsible for the reproduction of this RMSF ratio. To avoid
over-stabilization, we therefore argue that the hydrogen bond
strength of the peptide model should in fact not be increased
inside the bilayer environment. This is in line with experi-
mental measurements suggesting that H-bond strength inside
a bilayer does not in fact increase as much as one would
think.52-64

C. Tilt and hydrophobic mismatch

The tilt angle of model transmembrane proteins—an in-
dicator of their orientation relative to the membrane normal—
has been the subject of detailed studies®>%7 in order to both
better understand hydrophobic mismatch between lipids and
proteins®® as well as to test the modeling of the N- and C-
termini.

CG simulations of the WALP23 and WALP27 peptides
(sequences shown in Table I) were run in a 72-POPC lipid

J. Chem. Phys. 140, 115101 (2014)
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FIG. 5. Probability distribution function P(¥}) for WALP23 (red) and
WALP27 (blue).

bilayer. Constant temperature (7' = Ty,qy) and tension (X = 0)
simulations were performed as above for 2 — 3 x 10° 7. The
tilt angle ¥ was measured from the orientation of the helical
principal axis (as calculated from the gyration tensor) and the
unit vector along the membrane normal.

The tilt-angle distribution Py (%) is shown in Fig. 5. The
average angle () is 22° (29°) for WALP23 (WALP27). This
shift for the average angle between WALP23 and WALP27 il-
lustrates the impact of hydrophobic mismatch on the orienta-
tions of the two peptides: WALP27 being longer (i.e., hav-
ing a larger positive hydrophobic mismatch), can tilt more
to optimize hydrophobic matching.%® In the supplementary
material,** we argue from the data that this effect does not
in fact result from a preferred tilt angle, but from a wider
range of angles accessible within kg7. Our findings are in
good agreement with the atomistic (umbrella sampling) sim-
ulations of Kim and Im,>® who measured thermally accessible
tilt angles in the range 7° — 26 ° and 14° — 46 ° for WALP23
and WALP27, respectively, in POPC. While using different
lipids, several independent experimental and simulation stud-
ies point to an average tilt angle of ~15° — 25 ° for WALP23
in DOPC.%-7° Similar results were obtained in DMPC.%%7!

D. Helix—helix interactions

The aggregation of proteins in, or close to, the lipid bi-
layer have important biological consequences for the mem-
brane, for example, by triggering vesicle budding*’? or pore
formation.”® These phenomena depend not only on protein—
lipid interactions, but also on protein—protein interactions in
the membrane environment. The self-association of WALP
peptides in model membranes—studied both experimentally
and computationally?’:7*—provides an appropriate bench-
mark to test the cross-parametrization by studying the dis-
tance and (relative) crossing angle of WALP dimers.

We simulated WALP23 dimers in a 72-POPC lipid bi-
layer at constant temperature (T = Tyoqy) and vanishing ten-
sion (X = 0). All simulation conditions were the same as
above. Two independent simulations, totaling 10° z, were run
with helical peptides initially placed in parallel, integral to
the bilayer, and at a 13 A distance from one another. The
helix—helix distance d was measured from the centers of mass
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of the two peptides, while the crossing angle o was defined
from the angle between the two helical principal axes. Fig. S8
(supplementary material**) shows the free energies as a func-
tion of the helix—helix distance (a) and cosine of the crossing
angle (b) between the two peptides. These results compare
reasonable well with atomistic simulations of WALP dimers
in DOPC which report an average distance of 11 A and an-
gle 15° — 25°7* for two parallel dimers. We find from our
simulations (d) = 9.5 A and (9),y = 12.0°.

V. COOPERATIVE FEATURES OF PEPTIDE-LIPID
INTERACTIONS

A. Pore formation triggered by cooperative
antimicrobial peptide insertion

To illustrate the cooperative behavior of many peptides
close to a lipid bilayer, we studied 8 magainin MG-H2
proteins (sequence displayed in Table I) interacting with a
288-lipid POPC membrane. We performed replica-exchange
MD (REMD) simulations using 8 replicas with T/Tyoqy €
[1.0, 1.29] to circumvent kinetic trapping. Each was run for
300000 t. The initial conformation was generated by com-
bining a pre-equilibrated stress-free lipid bilayer (X = 0; T
= Thody) and 8 Magainin MG-H2 peptides. The peptides were
initially placed in solution at a short distance of 12 A from
the boundary of the lipid membrane, half of them above and
the other half underneath the membrane (see Fig. 6). The
peptide-lipid ratio (36 lipids per peptide) is comparable to

t=2910007

FIG. 6. CG REMD simulation replica of the cooperative insertion of
magainin MG-H2 peptides in a 288-POPC-lipid membrane bilayer at
T = 1.025 Tyody. Left: top and two side views of the initial configuration
(t = 0). Right: top (along the pore direction; only the lipid tails are shown for
clarity) and two side views of the final configuration (t = 291 000 7). Lipid
beads are colored according to their type: CG (cyan), PH (tan), GL (green),
ES (silver), alkyl tails (pink). Each protein is colored differently; cylindrical
motifs indicate a helical conformation.
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existing all-atom”> and CG?' simulations, as well as experi-
mental condition.”® The initial conformation of each magainin
peptide was chosen as a folded «-helix rather than an unfolded
coil, in line with previous all-atom” and CG simulations.?!

Our simulations show that although the magainin pep-
tides rapidly adsorb onto the membrane, a small amount of
unfolding takes place while the peptides are still in solution,
which leads to partially unfolded peptides after membrane
binding. We reiterate that the partially unfolded conforma-
tion is consistent with state of the art all-atom simulations
of magainin peptides interacting with a membrane’> and CD
experiments.’% 7

The partially unfolded peptides tend to cluster together
while interacting with the membrane and their aggregation
promotes the formation of a pore, as can be seen on the
right-hand side of Fig. 6 (T = 1.025 Tyoqy). Both the pep-
tides’ conformations and orientations vary widely during the
CG simulations. Our simulations show a disordered toroidal
pore, a structure reminiscent of what is observed in all-atom
simulations,”> where the pore is not cylindrical and the MG-
H2 peptides prefer to stay close to the edge of the pore rather
than perpendicular to the plane of the membrane. As seen in
Fig. 6, the formation of a pore is clearly a cooperative pro-
cess facilitated by peptide aggregation. The two groups of
four MG-H2 on both sides of the membrane were initially
not placed exactly opposite of each other but with a small
lateral offset (see the left-hand side of Fig. 6). Therefore,
the nascent toroidal pore generated by the peptides follows
the tilted direction formed by these two groups of adsorbed
peptides, rather than being strictly perpendicular to the mem-
brane plane (see the right-hand side of Fig. 6). Interestingly,
the formation of a pore does not require the penetration of
any MG-H2 through the bilayer, in agreement with all-atom
simulations.”

Our short simulations are of course insufficient to elu-
cidate the pore formation process of magainin. But this was
not our aim. We rather wanted to show that our cross-
parametrized model can access the length and time scales rel-
evant for the large-scale structural rearrangements involved in
this process, and that the results which our simple test simula-
tions show are compatible with what is currently known. This
justifies the use of such models for more extensive studies,
while of course always bearing in mind the limitations inher-
ent in such a CG approach.

B. Insertion and folding of WALP23

Proteins are structurally stabilized not only by the nature
of their intramolecular interactions but also by the surround-
ing environment, such as water or a lipid bilayer.%' Since our
peptide model does not explicitly constrain secondary struc-
ture, we explore its ability to fold a simple peptide, WALP23,
in both water and the membrane.

We first performed REMD simulations of WALP23 in
pure water, which resulted in very low helicity—less than
5%—throughout the sequence at temperatures 7/Tyoqy € [1.0,
1.5] (see Sec. III A in the supplementary material**). This



115101-8

Bereau, Wang, and Deserno

FIG. 7. Folded WALP23 conformation, sampled at 7' = 1.15 Tyody. Lipid
beads are colored according to their type (see Fig. 6). The orange beads rep-
resent the tryptophan residues at each end of WALP23. The rest of the protein
is represented according to its secondary structure: turn (green), « helix (pur-
ple), w helix (red), coil (white).

absence of a-helix formation is in agreement with experimen-
tal and all-atom simulation results.”8-80

We subsequently ran REMD simulations of the same
peptide, initially unstructured and placed close to—but out
of—a 72 POPC lipid membrane. The temperature range,
T/Tyoay € [1.0, 1.2], allowed our lipid bilayer to remain in a
stable fluid phase even at the highest temperature,® thus elim-
inating the need to artificially stabilize the membrane.”®-%° For
more details on our REMD setup, see Sec. III B in the supple-
mentary material.**

While our REMD protocol provided reasonable energy
overlaps and acceptance ratios, it failed to successfully cou-
ple the entire range of temperature, instead coupling each
replica only with its nearest neighbor(s) (see the supplemen-
tary material**)—pointing to the inadequacy of a standard
REMD protocol for this system. By the end of the sim-
ulation, the two highest temperature replicas (i.e., T/Tpody
= 1.15 and 1.2) had inserted and folded WALP23 as a trans-
membrane a-helix (see Fig. 7 for a folded conformation and
Fig. S11 for representative snapshots of the folding event).
The three colder replicas, on the other hand, failed to show a
folded helix, posing the question whether this is for thermo-
dynamic or kinetic reasons. The lack of coupling between the
set of replicas prevents us from making a definite statement,
though we provide in the following a number of arguments
in favor of the latter reason. Given enough simulation time a
single folded helix should form since this process is largely
enthalpy-driven.®! Indeed, the helicity decreases rather than
increases with temperature, as also shown in our simulations
of WALP23 folding in solvent (see Fig. S9 in the supple-
mentary material**). In addition, we observed that o-helical
folds formed in our CG peptide model have a tendency to
remain stable over a wide temperature interval below the un-
folding temperature.®' Finally, we ran another REMD simu-
lation starting from the folded (i.e., integral and helical) con-
formation, as observed at the highest temperatures. After a
simulation time of = 1.2 x 10° t, none of the replicas un-
folded (Fig. S12 in the supplementary material**). Peptides in
all replicas remained integral to the membrane and kept a frac-
tional helicity of more than 70%. If in the absence of kinetic
issues the folded state at T = Ty0qy Were not the equilibrium
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state, then these simulations should unfold the peptide. This
is not observed, and taken together with the arguments from
above this provides further support that the integral helix is
indeed the thermodynamically stable state near physiological
temperatures in this model.

If one agrees with this interpretation, then the failure to
achieve the integral helical conformation is a sobering re-
minder how very slow such folding processes in a crowded
and ordered membrane environment can be, even for as sim-
ple a peptide as WALP23. The smallness of the peptide and
the ease with which systems of this size reach thermal equi-
librium in bulk water hides the fact that its free energy land-
scape within a lipid bilayer might be much more complex.
Our failure to fold WALP23 does of course not actually prove
this, and more replicas and perhaps finer refined algorithmic
techniques (e.g., Hamiltonian Replica exchange MD®?) might
be necessary to investigate this problem in more detail. This,
however, goes beyond what we wish to show in the present

paper.

VI. CONCLUSIONS

We have seen that a fairly simple cross-parametrization
of an implicit solvent CG peptide model with an implicit sol-
vent CG membrane model goes a surprisingly long way in
reproducing a number of interesting peptide-membrane phe-
nomena: structural properties commonly tested in CG force-
field paperszh24 (e.g., transmembrane-helix fluctuations, tilt,
and helix-helix distance and angle), aggregation, and structure
formation. However, the underlying biophysical problems are
highly complex, and one cannot expect with such a simple
approach to have arrived at a model that faithfully captures
them all. Let us therefore conclude with a number of limi-
tations that, in our view, constitute important caveats to bear
in mind when applying models such as the one we discussed
here:

® Reproducing atomistic PMFs of the insertion of single
amino-acid side-chains in a DOPC bilayer*! provides
a parametrization scheme pertaining to the energetics
of peptide—lipid interactions. Evidently, the resulting
parametrization is not unique: a number of parameters
can reproduce the observables of interest with the
same accuracy. Resolving such an under-determinacy
situation would lead to slightly different models. In
addition, one should bear in mind that a variety of
sources of errors are intrinsically present: atomistic
force fields; sampling of the atomistic simulations;®*
CG parametrization protocol; CG free-energy
calculations.

e The cross-parametrization is inappropriate for phe-
nomena that heavily rely on electrostatics (e.g.,
electroporation®). The two original peptide’ and
lipid®> models do not incorporate explicit 1/r elec-
trostatics. While frequently essential, electrostatics is
not only computationally expensive, but—and this is
the much more severe problem—very difficult to sys-
tematically coarse-grain. We point out that (i) sim-
ply putting charges on the beads and working out 1/r
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interactions is not the right thing to do in the presence
of dielectric discontinuities, (ii) the CG lipid model
used here targets neutral lipids—the contribution from
partial charges being, to a large extent, absorbed in
the CG potentials, and (iii) the interaction between
charged amino acids is somewhat reproduced in the
Miyazawa-Jernigan matrix® used for the side-chain—
side-chain interactions.

¢ The lipid—peptide cross-parametrization was only cal-
ibrated at body temperature in the (membrane) fluid
phase. Although the lipid model was systematically
derived based on structure®> and has demonstrated
lipid and phase transferability in terms of structure and
area per lipid,* temperature and phase transferability
has not been investigated for the cross-interactions.

e While the folding of WALP23 was only observed
above body temperature (i.e., T = 1.15—1.20
kpTyoay), the fact that it was indeed possible to fold a
helix from scratch is nevertheless encouraging. Bear-
ing in mind the prominent strength of hydrogen bonds
in the bilayer environment, the «-helix is the secondary
structure of choice in most proteins. Even though helix
formation is overall strongly favored, the model seems
to discriminate the amount of helicity of WALP de-
pending on its environment: none in the water, more
helical in the membrane. The difficulties we have en-
countered in folding the helix in the membrane un-
derline the challenges associated with peptide struc-
ture formation in a lipid environment. We suspect that
the underlying problem in achieving the helical state at
body temperature are kinetic in nature, and this in itself
should be a warning: Simply because one has switched
to a lower resolution CG model and employed parallel
tempering simulations is not by itself a guarantee that
one will now readily achieve thermal equilibrium.

® As of yet, the model is out of reach of tertiary structure
format folding in the membrane, which would require
a more refined parametrization and further testing,
though simple structural tests of helix-helix interac-
tions (i.e., distance and angle) look promising. Specifi-
cally, the crude description of electrostatics and the ap-
proximate parametrization of the N- and C-termini are
shortcomings that would need to be more thoroughly
addressed.
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